This work investigates the role of the structure of a zirconium complex (ZC) on the condensation and anticorrosion properties of an organosilane sol-gel coating. The structure and reactivity of the ZC were modified by varying the content of methacrylic acid employed as a chelating agent. The structures of the developed materials were characterised by Dynamic Light Scattering, Fourier Transform Infrared Spectroscopy, Differential Scanning Calorimetry and Scanning Electron Microscopy. The passive anticorrosion properties were evaluated by Electrochemical Impedance Spectroscopy of the sol-gel coatings deposited on AA2024-T3 substrates. It was highlighted, that a competition in the condensation process of the silicate (Si-O-Si) and silicon-ZC oxides (Si-O-Zr) species can be tailored by the structure of the ZC, with the least chelated ZC exhibiting the highest content of Si-O-Zr bonds. At the same time, it was also found that the coatings containing the highest content of Si-O-Zr groups exhibited the best anticorrosion barrier performances amongst all sol-gel coatings investigated here, therefore presenting the highest condensation degree. This suggested that Si-O-Zr bonds were the essential chemical species responsible for the formation of condensed coatings. A direct correlation between the structure of the coatings and their anticorrosion performances is proposed.
Introduction
Eco-friendly coatings for the protection of metallic surfaces against environ- ly with environmental and health regulations, which limit the use of some heavy metals, such as hexavalent chromium [1] [2] . Recent reviews have comprehensively listed different process alternatives developed for the replacement of chromate coatings [3] [4] . These processes include anodization, passivation, chemical conversion, ion implantation, cathodic electrodeposition and sol-gel coatings. They are based on the use of individual chemistries such as trivalent chromium, phosphate, zinc phosphate, permanganate, rare earth metals, vanadium or combinations of these different compounds. Of these technologies, conversion coatings remain the cheapest and the easiest to process, while providing the mechanical and anti-corrosion properties required for industrial applications [5] . However, hybrid sol-gel materials have probably been the materials that have attracted the strongest interest from those listed above [6] [7] as a viable alternative, with organically modified silicate-based coatings being the most popular. The higher focus on these hybrid materials rather than the other listed alternatives is due to several factors. Firstly, a wide range of sol-gel reactive functionalised alkoxide silane precursors are commercially available, such as the acryloxysilanes, aminosilanes, epoxysilanes, cyanatosilanes, mercaptosilanes, vinylsilanes and alkylsilanes. In addition to their capability to form three-dimensional inorganic networks via the occurrence of hydrolysis and condensation reactions of the alkoxide groups, these precursors can provide functional groups at the surface of the coatings. For example, mercaptosilanes have been used to functionalise glass surfaces for the immobilisation of biological species [8] , epoxysilanes have been employed to improve the adhesion properties of organic coatings [9] and acryloxysilanes have been used to provide photoreactivity for the fabrication of miniature devices [10] and microstructuring of optical devices [11] . Secondly, these organosilane sol-gel matrices are capable of hosting organic and inorganic doping elements to further provide desirable characteristics for specific applications. For example, inorganic inhibitors such as vanadates, molybdates, permanganates and cerium salts [12] [13] , as well as organic inhibitors such as quinaldic acid, betaine, dopamine hydrochloride, diazolidinyl urea and tetrazines [14] [15] have been incorporated within silicate-based sol-gel matrices to improve their anticorrosion properties. Network modifiers such as transition metal alkoxides or ionic liquids have been incorporated within silicate-based materials to adjust the optical [16] [17], electrical [18] or surface morphology of inorganic surfaces [19] .
Recently the authors have investigated the effect of the organosilane/transition metal (TM) ratio [20] . It was found that the concentration of the ZC and the hydrolysis degree has a significant impact on the formation of the siloxane and silicon-ZC oxide species as well as on the overall condensation of the hybrid sol-gel coatings and their anticorrosion performances. These studies suggested that the structure of the ZC may also impact the condensation process of the organosilane matrix with possible effects on the anticorrosion properties, which to our 
Experimental

Materials Development
The sol-gel materials were prepared from the mixture of an organosilane precursor (3-methacryloxypropyltrimethoxysilane, MAPTMS, Assay_99% in methanol, Aldrich) and a zirconium complex prepared from the chelation of zirco- 
Preparation of Sol-Gel Coatings
AA2024-T3 aluminium panels (150 mm × 100 mm) were sourced from Amari The coatings were then cured for one hour at 120˚C to enable full stabilisation.
The curing temperature of 120˚C was chosen to ensure that the effect of the condensation was focused solely on condensation resulting from chemical and not thermal means, e.g. as a result of heat curing. This process facilitates the fabrication of highly homogeneous and residue free coatings, a critical point for the accurate correlation of the coatings formulations to their structures and anticorrosion properties.
Characterisation Techniques
Sol-gel particle sizes were determined using the dynamic light scattering (DLS)
technique (a Malvern Nano-ZS instrument). The technique is a well-established optical method used to study dynamic processes of liquids and solids [24] . The experiment was conducted at ambient temperature.
Fourier Transform InfraRed (FTIR) spectra were recorded in the 600 -4000 cm −1 spectral range employing a Spotlight 400 FTIR Imaging System operating in the ATR mode. Here, FTIR spectroscopy is used to identify the evolution of the inorganic networks (silicate and zirconium oxides) as a function of the chelating agent content.
Dynamic Scanning Calorimetry (DSC) was used to identify the thermal behaviour of the sol-gels, including their structural evolution and glass transition temperature (Tg). DSC measurements were carried out using a Shimadzu DSC 
Results and Discussion
Particle Size Analysis
The particle sizes of all prepared materials were investigated by DLS to identify the effect of the formulation on the condensation reactions and therefore pro- days of ageing and are represented in Figure 1 . As all coatings were prepared after 1 day of ageing, it was useful to also get a picture of the particle size of all material systems on day 1 to identify if this parameter can be correlated to the subsequent structural properties and the coatings' anticorrosion properties. It can be observed that after one day of ageing material A exhibits a single band centred at 5.6 nm whereas the other three materials show a band located between 3.6 and 4.2 nm. The samples' particle size distribution appears to be broadly stable, with peak values for materials A-D centred at 3.6 nm on day 2. In order to better appreciate the possible effect of the formulation on the structure and homogeneity of the hybrid sol-gel nanoparticles, the FWHM of all spectra has been measured and plotted in Figure 2 . One can observe that the material exhibiting the highest heterogeneity in terms of particle sizes is material A after 1 day of reaction, with a FWHM of 6.4 nm, while the three other materials range within the error bars at values close to 5 nm. As all materials exhibit particles size in the same order (typically less than 10 nm), it is unlikely that the particle size influence the structure and anticorrosion properties of the materials.
Therefore, any differences in terms of structure and corrosion behaviour will be ascribed to materials formulation and not to particles sizes. , the chelate can be said to be bidentate. The bands located at 1730, 2800, 3000 and 3200 cm −1 are due to the C-O (stretching), C-H (stretching) and residual Si-OH and Zr-OH groups (stretching), respectively. To identify more precisely the effect of the chelating agent concentration on the possible reactivity and condensation of the materials, one needs to focus on the characteristic vibration bands of the inorganic backbone; namely the silicon and zirconium oxide related moieties. As shown in Figure 3 
FTIR Analysis
Thermal Analysis
DSC analyses were performed on liquid sol-gel materials between room temperature (25˚C) and 275˚C, although the working temperature for a typical hybrid coating would be likely to be below 150˚C. Figure 4 shows the DSC spectra rec- Figure 5 represents a typical SEM image of a coating fabricated with these series of materials (material A in this case) coated onto AA2024-T3 alloy. It can be seen that the coating thicknesses were comprised between 4.5 and 5 microns ( Figure 5(a) ) and the surfaces of the coatings ( Figure 5 (b) and Figure 5 (c)) were smooth and uniform unlike the blank aluminium alloy. Figure 6 shows the elemental analysis of the coating. This technique clearly identifies the interface between the coating and the substrate, as within the coating silicon, zirconium and oxygen can be detected, whereas aluminium is found in the bottom region of the spectrum only. 
SEM/EDX Analyses
Electrochemical Impedance Spectroscopy (EIS)
EIS
Conclusion
This work aimed at identifying the effect of the chelating agent on the structure and anticorrosion properties of hybrid sol-gel materials composed of both silicon and zirconium alkoxides. It is shown that the degree of chelation of the transition metal has a direct impact on the nature of its connectivity to the silicate network with a direct consequence on the densification process of the nanomaterials. Indeed, the formation of covalent Si-O-Zr bonds is found to be favoured by the decrease of chelation, essentially due to the increase of reactive zirconium groups. This clearly translates the formation of coatings with higher densities. In parallel, the anticorrosion performances of the coatings were found to significantly increase as the chelation degree decreases. Interestingly, of the series of materials investigated here, the least chelated material exhibited the minimum change in the impedance value over time, with a value of 10 6.4 Ω/cm 2 recorded after 48 h of exposure to a Harrison's solution. These results suggest that further decrease of the chelation degree may enable increase of the anticorrosion barrier properties of the sol-gel coatings. In addition, further studies are required to better correlate the structure and morphology of hybrid sol-gel coatings to their anticorrosion performances. These will include the investigation of other processing parameters such as pH and the hydrolysis degree, as well as employing other structural and morphological characterisation techniques, such as gas adsorption-desorption analysis and 29 Si-NMR on the solid phase of the materials. These are critical steps for the future design of innovative, non-toxic and environmentally friendly coatings for the protection of aluminium alloys and other metals.
